Background: Genetic variation of SNP rs11536889 in 3'-UTR of TLR4 is implicated in certain diseases, including periodontitis, gastric atrophy, and prostate cancer.
Introduction
Toll-like receptor (TLR) 4 is a pattern recognition receptor that plays an essential role in the recognition of Gram-negative bacterial lipopolysaccharides (LPS) (1) . The binding of LPS to myeloid differentiation factor 2 (MD-2)-TLR4 complex induces the formation of an M-shaped receptor multimer and leads to the assembly of the MyD88-IRAK4-IRAK2 complex (2) . Formation of these Myddosome complexes leads to nuclear factor-κB and mitogen-activated protein kinase activation, which induces pro-inflammatory cytokines (3, 4) . TLR4 also recruits TIR-containing adaptor inducing interferon-β (TRIF) and TRIF-related adapter molecule in endosomes, which activates transcription factor interferon regulatory factor 3 and induces genes encoding type I interferons (5).
TLR4 is reported to recognize exogenous ligands other than LPS, such as the fusion protein of the respiratory syncytial virus (RSV) and the envelope protein of the mouse mammary tumor virus (6) .
In addition, endogenous molecules such as heat-shock proteins, β-defensin-2, high mobility group box 1 protein, and fibronectin are reported to interact with TLR4 (7) . Inherited defects in TLR4 signaling have been described in humans and are associated with greater susceptibility to bacterial infections (8) . Two missense mutations in TLR4 (D299G and T399I) have been reported to be associated with endotoxin hyporesponsiveness to inhaled LPS (9). This report was followed by a series of studies investigating the potential impact of these SNPs on the incidence and course of infectious diseases (10) , such as septic shock with Gram-negative bacterial infection (11) and severe RSV bronchiolitis in infants (12) . Several papers reported the importance of these SNPs for incidences of cardiovascular diseases as well, which possibly reflects the inflammatory nature of atherosclerosis (13) . Despite the accumulating reports concerning the susceptibility to such diseases, the resent studies using primary cells isolated from individuals bearing the mutation have indicated that the D299G/T399I haplotype has little or no effect on responsiveness to LPS (14) . We tried to determine whether D299G and T399I mutations in TLR4 were associated with periodontitis because TLR4 is considered to be involved in the pathogenesis of periodontal diseases (15) . However, two missense mutations in TLR4 (D299G and T399I) are very rare in the Japanese population (16) . We searched for single nucleotide polymorphisms (SNPs) in TLR4
because it is possible that other SNPs are associated with periodontitis in the Japanese population. We found 4 SNPs in the exons of TLR4, although none of them resulted in amino acid substitutions. One SNP in the 3'-untranslated region (UTR) of TLR4, National
Center for Biotechnology Information ID;
rs11536889, was associated with moderate to severe periodontitis in Japanese subjects. The C/C genotype of rs11536889 was significantly higher in both the moderate and the severe periodontitis group, than in the control group (16) . Another large study analyzing eight TLR4 SNPs in 1,383 prostate cancer patients and 780
age-matched controls in Sweden revealed that the G/C or C/C genotype of rs11536889 increased prostate cancer risk by 4.9% (17) . Later, Hishida et al. found that the G/C or C/C genotype was associated with severe gastric atrophy in H. pylori seropositive Japanese subjects (18) . Zhou et al. found that the C/C genotype was significantly associated with hepatitis type B virus (HBV) recurrence after liver transplantation (19 The aim of this study was to determine whether the rs11536889 polymorphism is associated with expression or function of TLR4.
The expression levels of TLR4 mRNA and protein in peripheral blood from C/C subjects were compared with those from G/C and G/G subjects.
The regulatory effects of TLR4 3'-UTR on gene expression was measured by a luciferase reporter assay using chimeric constructs containing a small fragment of 3'-UTR containing rs11536889 in THP-1 cells. MicroRNA (miRNA) are approximately 22 nucleotide non-coding RNAs that guide the RNA-induced silencing complex to the 3'-UTR of mRNA targets, leading to the inhibition of translation of the target mRNA (25) .
The possible effects of miRNA were examined using miRNA inhibitors and miRNA mimics. We show here the regulation of TLR4 expression by rs11536889 polymorphism.
EXPERIMENTAL PROCEDURES
Subjects-Twelve C/C subjects and their age-and sex-matched G/C and G/G controls whose genotype were analyzed in our previous study (16) were enrolled in the flow cytometry study.
Another 100 subjects who visited Nagasaki University Hospital were screened for rs11536889 genotypes; C/C subjects and their controls were enrolled in the enzyme-linked immunosorbent assay (ELISA) and quantitative reverse transcription PCR (qRT-PCR) study. All of the subjects were Japanese.
Individuals with pregnancy, diabetes mellitus, malignancy, immunodeficiencies, or infectious diseases such as acquired immune deficiency syndrome and adult T cell leukemia, were excluded. The gender and mean age of the subjects are shown in Table 1 .
There was no significant difference in age and male/female ratio between each genotype group.
Written informed consent was obtained from all of the participants in this study. The experimental protocol was approved by the Ethics Committee in Nagasaki University.
Genotyping-Buccal mucosal cells were taken from 100 newly enrolled subjects in this study.
DNA was extracted with a DNeasy Blood and
Tissue kit (Qiagen, Valencia, CA). The TLR4 rs11536889 polymorphism was genotyped by PCR with confronting two-pair primers (PCR-CTPP) according to the procedure by Hishida et al. (18) .
The sequences of the primers were described previously (18 Following incubation for 20 h, cell-free supernatants were harvested and analyzed for IL-8, IL-6, and TNF-α production using a commercial ELISA kit (R&D, Minneapolis, MN).
Relative Quantification of TLR4 mRNA levelsPBMCs were isolated from the C/C, G/C, and G/G failed to obtain cDNA from one G/C subject and one G/G subject due to the limitation of blood volumes withdrawn from these subjects; subsequent analysis was performed without these samples. The sequences of the primers and probes for TLR4 were described previously (26) .
The sequences of the primers and probes for the Monocytes from C/C subjects expressed significantly higher levels of TLR4 (p < 0.01) than those from G/G and G/C subjects, whereas no significant difference was found in the staining with anti-TLR2 or control antibodies (Fig. 1B) .
When PBMCs were stimulated with LPS, a TLR4 ligand, the cells from C/C and G/C subjects secreted significantly higher levels of IL-8 than the cells from G/G subjects ( Fig. 2A) . PBMCs from C/C subjects secreted more than twofold higher levels of IL-6 and TNF-α than the cells from the subjects with the other genotypes, but this was not statistically significant (Figs. 2B &  2C) . These results suggested that the level of TLR4 protein expression was associated with the response to LPS. When PBMCs were stimulated with Pam 3 CSK 4 , a TLR2 ligand, no significant difference was found in IL-8, IL-6, and TNF-α levels produced by cells from C/C, G/C, and G/G subjects. To determine whether these differences in TLR4 protein expression was due to the regulation of transcriptional activity by rs11536889 polymorphism, mRNA expression for TLR4 in PBMCs from subjects with each genotype were examined. However, there was no significant difference in the mRNA expression for TLR4 (Fig. 3) . Then, we stimulated PBMCs from the G/G and C/C subjects with Pam 3 CSK 4 and compared the kinetics of mRNA and protein expression for TLR4 (Fig. 4A) . TLR4 mRNA expression in PBMCs from the G/G and C/C subjects increased 2.5 ± 0.9-and 2.1 ± 0.6-fold, respectively, 2 h following the stimulation. Both decreased nearly to the base line levels 3 h following stimulation. There was no significant difference between TLR4 mRNA expression in PBMCs from the G/G subjects and that from the C/C subjects.
TLR4 protein expression of
PBMCs from the C/C subjects increased 2.2 ± 1.6-, To identify a possible causal effect of the G to C nucleotide transversion of SNP rs11536889, we analyzed the secondary structure of the mRNA (Vienna RNA Package 1.8.4.; http://rna.tbi.univie.ac.at). The exchange had no effect on the mRNA folding; the minimum free energy of the optimal secondary structure of G and C allele were -1813.12 and -1813.86 kcal/mol, respectively, making a marginal difference. A prediction for miRNA targets (microRNA resource; http://www.microrna.org) identified hsa-miR-1236 and hsa-miR-642a as candidates for miRNAs that bind to the region containing rs11536889 G allele (Fig. 6A) . The altered nucleotide is located within the potential binding sites of hsa-miR-1236 and hsa-miR-642a and introduces a mismatch at the 6th and 13th positions, respectively. Both hsa-miR-1236 and hsa-miR-642a were expressed in THP-1 cells (Fig.   6B ). The level of hsa-miR-1236 was increased 10 h following LPS stimulation, whereas that of TLR4 mRNA was increased 2 h, but decreased nearly to the base line levels 3 h following LPS stimulation. No up-regulation of hsa-miR-642a was induced by LPS stimulation (Fig. 6C) .
hsa-miR-1236 and hsa-miR-642a were also detected in PBMCs, however, the kinetics following LPS stimulation varied widely between the individuals (Fig. 6D) .
When luciferase constructs were co-transfected with the inhibitors anti-miR-1236 was slightly increased, but no statistical difference was found (Fig. 8A) .
As hsa-miR-1236 and hsa-miR-642a were predicted to interact only with the rs11536889 G allele, we synthesized mutant miRNAs, mut-miR-1236 and mut-miR-642a, that were predicted to interact only with the rs11536889 C allele (Fig. 9A) . When luciferase constructs were transfected simultaneously with mut-miR-642a, mut-miR-1236, or the combination of both, the luciferase activity of -4121LUC+3'CC was inhibited (Figs. 9B & 9C) . Importantly, the inhibitors for the miRNAs did not change the luciferase activity of -4121LUC+3'GG, indicating that the effect of inhibitors was specific for the rs11536889 C allele.
DISCUSSION
The peripheral blood monocytes from the C/C subjects expressed significantly higher levels of TLR4 protein on their surfaces than those from the G/G and G/C subjects in the present study.
When PBMCs were stimulated with Pam 3 CSK 4 , the levels of TLR4 protein on their surface significantly increased in the C/C subjects, whereas no increase was detected in the G/G subjects. This suggested that TLR4 protein expression was down-regulated in the G/G subjects or up-regulated in the C/C subjects. In our previous study, the genetic variation of rs11536889 was associated with periodontitis.
The C/C genotype was observed more frequently in the periodontitis group than in the control group.
The up-regulation of TLR4 expression in the C/C subjects may prompt the recognition of Gram-negative bacterial LPS in periodontal pockets, accelerate the production of pro-inflammatory cytokines, and lead to the greater destruction of periodontal tissue.
Kornman et al. found that a variant in IL-1B
associated with high levels of IL-1β production is a strong indicator of increased susceptibility to severe periodontitis (36); this is yet another example how the genetic background prone to accelerated inflammation is linked to periodontitis.
The genetic variation of rs11536889 is also associated with severe gastric atrophy in H. pylori seropositive Japanese (18), HBV recurrence after liver transplantation (19) , and increased prostate cancer risk (19) . The associations may be related to accelerated inflammation caused by LPS from H. pylori in gastric mucosa, HBV related proteins in the liver, Gram-negative bacteria in the prostate, respectively. A prospective study consisting of the G/G and C/C subjects to reveal a more precise predispositional effect of this SNP on these diseases remains to be performed.
To the best of our knowledge, this is the first report to reveal the biological significance of the genetic variation of rs11536889. This SNP regulates the expression of TLR4 and has some influence on the response to LPS. These findings may provide a novel approach for therapeutic interventions against diseases caused by harmful TLR4-mediated responses. PBMC were isolated from the G/G, G/C, and C/C subjects, and total RNA was extracted. Following reverse transcription, mRNA levels for TLR4 were determined by qRT-PCR using a specific TaqMan probe. The relative mRNA levels for TLR4 are expressed with standard deviations. Fold induction is expressed with standard deviations. MFI, mean fluorescence intensity; *, p < 0.05 (G/G versus C/C). Relative luciferase activity Relative luciferase activity 
